Acid mine drainage (AMD) is detrimental to both humans and the ecosystem, and contains sulphuric acid and heavy metals, which have to be removed by dosing the coagulants. A 200 mL sample of AMD, emanating from a mining area in South Africa was poured into 500 mL glass beakers or Erlenmeyer flasks and were dosed with 0.043 M Ca(OH) 2 , 0.043 M Mg(OH) 2 and synthetic 0.043 M CaMg.2(OH) 2 and treated in a jar test or shaking apparatus employing rapid agitation at 250 rpm for 2 min. Each batch of samples was allowed to settle for an hour after which the pH, conductivity and turbidity were measured. The results showed that the turbidity removal efficiency exhibited by Ca(OH) 2 or Mg(OH) 2 , and synthetic CaMg.2(OH) 2 dosage of a range 30 to 60 mL was identical all above 90%. Effective wastewater treatment is not necessarily dependent upon the pH but the ability of the coagulant to destabilize the double layer (high electronegativity) of the aqua-colloids coupled with optimal hydrolysis, precursor to adsorption. The Ca 2+ and Mg 2+ ions added to AMD sample do not only neutralize the solution, but also cause destabilization; whereas the anionic species (OH -) increases the pH of the system. The Ca 2+ and Mg
INTRODUCTION
Wastewater in the form of uncontrolled drainage, poses a serious environmental catastrophe world-wide. Acid mine drainage (AMD) forms part of this uncontrolled wastewater because it can either be formed during or after mining, where it flows into any water-course. The AMD is detrimental to the environment because of high sulphur content which is converted to sulphuric acid after the oxidation of its main constituent, ferrous or ferric sulphites (FeS x ).
These are naturally occurring compounds underground, 
The AMD is formed when the pyrite is oxidized in the presence of water and oxygen to form acidic, sulphaterich drainage. Metal contamination associated with AMD depends upon the type and amount of sulphide mineral oxidized, as well as the type of gangue minerals present in the rock (Diz, 1997) . There are other sulphide containing minerals such as pyrrhotite (FeS), chalcocite (CuS) and galena (PbS) (Kalin et al., 2006) . Biological formation of AMD includes the oxidation of pyrite by bacteria, namely Acidithiobacillus ferrooxidants to form sulphuric acid as shown by Equation 9. The dumping sites also play as the source of AMD which occurs when the dumps with high permeability are associated with high oxygen ingress, which then contributes to higher chemical reaction rates. Higher temperatures cause increased oxygen ingress through convection. These bacteria may also accelerate oxidation of sulphides of antimony, gallium, molybdenum, arsenic, copper, cadmium, cobalt, nickel, lead and zinc. The A. ferrooxidants bacteria are most active in water with a pH of less than 3.2. If conditions are not favourable, the bacterial influence on acid generation will be minimal (Diz, 1997) . Abandoned mines also contribute towards AMD when they are flooded with groundwater which can re-enter the catchment areas by means of the adits. These waters are rich in sulphates and dissolved metals and have an acidic pH due to the oxidation of the sulphide containing minerals. When the Fe 2+ ions (Equation 2) have been oxidized to form Fe 3+ ions and saturation point has been reached, the latter undergo hydrolysis reaction and precipitates (flocs) are formed as shown by Equation 3. Other sources of AMD from the gold mining industry are derived from the sand and slime dams resulting from tailings. The residual sulphides found in these dumps are oxidized when reacting with O 2 and rainwater. The oxidation acidifies the percolating water, which is also believed to enter streams (Kalin et al., 2006; Naicker et al., 2003) . Researchers such as Semerjian and Ayoub (2003) , Watten et al. (2005) , Akcil et al. (2006) , Kurniawan et al. (2006) , Herrera et al. (2007) and Sibrell et al. (2009) conducted studies on AMD employing lime neutralization for the removal of sulphates. New techniques have been explored, but most of them are either costly or selective in wastewater of certain qualities. Several new processes have been developed, based on the use of precipitated calcium carbonate or lime pre-treatment for neutralization of AMD and partial desalination (Scherrenberg et al., 2008; Maree et al., 2004b; Chang and Yu, 2004; Carballa et al., 2005; Hankins, 2006; Pratt et al., 2007; Edwards and Withers, 2007; Kempkes et al., 2007; Suarez et al., 2009; van der Graaf et al., 2010; Jiang et al., 2012) .
According to various technologies exploited in AMD treatment, most of the approaches conducted by Goldberg (2002) , Metcalf et al. (2003) , Sincero and Sincero (2003) , McCurdy et al. (2004) , Swartz et al. (2004) , Amuda et al. (2006) , Ghaly et al. (2006) and Aubé (2004) focus more on the physico-chemical properties of the colloidal suspension, whereas the effectiveness of the treatment mainly relies on the reaction dynamics between the colloidal suspension and coagulants. Effective performance of destabilization depends primarily upon the type of colloids, hydrophilic (water-loving) or hydrophobic (water-hating), the physicochemical properties of the coagulant(s) and the intensity of the mechanical agitation for the dispersion of the coagulant(s) throughout the colloidal suspension (Li and Hoggins, 2010) . Other solute properties include solute partition coefficient, polarizability and molecular structure influence pollutants adsorption (Bolto, 2007; Adams et al., 2002; de Ridder et al., 2010) . Those which are associated with the coagulants include electronegativity, charge per surface area, valence electron, particle size, porosity, density (Wulfsberg, 1987) . It is also essential that the concentration of the coagulants must be sufficient to rapidly precipitate the metals in the colloidal suspension to form metal hydroxide species (precipitates) with high settling velocity for settling and enmeshment of the colloidal particles in these precipitates. The effectiveness of coagulation depends upon the change in ionic concentration, and it increases exponentially as the charge of the ions increases (Jiang et al., 2012; Dey et al., 2004) .
Mechanical agitation (mixing or shaking) plays a pivotal role during destabilization-hydrolysis of wastewater by inducing a velocity gradient ( dy du ), that is, a change of velocity per change of distance and disperses the reagents collision throughout the solution. The type of coagulant (physico-chemical properties) which is dosed and the time taken during mixing, determine the optimum velocity gradient Sincero and Sincero, 2003; McCurdy et al., 2004; Swartz et al., 2004; Amuda et al., 2006; Ghaly et al., 2006) . As mixing progresses, destabilization-hydrolysis-aggregation occurs due to the physico-chemical reactions which take place in the system. All these reactions occur during coagulation and flocculation stages. The former occurs within a very short space of time during rapid mixing whereas the latter during slow mixing. Primary flocs are formed during coagulation and enlarge into secondary larger flocs during flocculation process due to (Swartz et al., 2004) .
A treatment system with effective correlation of coagulant/flocculent-colloidal particle dispersion yields the best destabilization-hydrolysis results, which also enhance subsequent reactions. Destabilization occurs after the addition of the reagents when the equilibrium state of the colloidal suspension is disturbed (Aboulhassan et al., 2006; Aguilar et al., 2002; Aguilar et al., 2005) . The rate of destabilization determines the rate of flocs formation during coagulation and flocculation. The effectiveness of the process depends upon the ionic strength of the coagulants added to the solution to disturb equilibrium between van der Waals forces of attraction, electrostatic forces of repulsion and hydrodynamic forces (Binnie et al., 2003) . Collision rate plays a pivotal role in the formation of the larger flocs because excessive shear force can result in rupturing of the flocs to restabilize (Tchobanoglous et al., 2003; Swartz et al., 2004) , which is also caused by overdosing (van Nieuwenhuijzen, 2002) . Atkins and de Paula (2006) stated that the collision efficiencies of hydrodynamic forces for various size ratios of particles involved in the collision and the predicted results show the comparison on curvilinear and rectilinear models as follows:
i. Collision frequencies are less than 0.5 s -1 in perikinetic flocculation. ii. Collision frequencies are less than 5 s -1 in orthokinetic flocculation. iii. Collision frequencies are in a range of 2 -3 s -1 or less for differential sedimentation.
On the other hand, the observations on the flocculation and sedimentation are also as below:
i. Perikinetic flocculation dominated when the secondary particle was less than 1 mm, ii. Differential sedimentation dominated when the secondary particle is greater than 10 mm, iii. For both orthokinetic flocculation and differential sedimentation, the collision frequency was a strong function of particle size, dominated by the diameter of the larger particles.
Since the rate of the collision frequencies is influenced by the intensity of mixing, the source has not been subjected to high shear forces (Binnie et al., 2003) . It is very essential to optimize the velocity gradient of the system to avoid restabilization due to flocs rupture, a parameter which is common to both mixing and shaking mechanisms. When mechanical agitation is optimal, the particles maintain their original sizes and collide effectively to form larger flocs during perikinetic or Ntwampe et al. 17 orthokinetic floc formation (Water Specialist Technology, 2003) . During perikinetic floc formation, the particles collide as a result of Brownian motion whereas orthokinetic floc formation occurs when particles collide due to dissipation of mixing energy. The decrease in the number of spherical particles to form larger flocs during collision, as a function of time is expressed as:
where n = total number of particles per unit water volume, α = collision efficiency, K = Boltzman constant, T = absolute temperature and μ = dynamic water viscosity. During mixing, the collision of the frequency of the particles is artificially increased, and the decrease in the number of particles as a function of time is expressed by Equation 5.
where n 1 = number of particles with diameter d 1 , n 2 = number of particles with diameter d 2 , R v = collision radius (0.5.d 1 +d 2 ) and G v = velocity gradient for floc formation. The velocity gradient (floc formation), as indicated that it plays a pivotal role in maintaining the particles' diameter unchanged during stirring (Sincero and Sincero, 2003) , is expressed by Equation 6. The parameters which have been applied in Equations 1 to 3 are influenced by the type of the mechanical method employed, either mixing or shaking, hence it is essential to disperse the coagulants/flocculent with minimum shear forces during destabilization-hydrolysis to eliminate flocs rupture. Table 1 shows some of the physico-chemical properties of the coagulants which play a pivotal role in the destabilization-hydrolysis during wastewater treatment. When the choice of an ideal coagulant/flocculent and an appropriate solution dispersing method has been selected, the treatment is prone to yield effective destabilization-hydrolysis reaction. The former includes the disturbance of the equilibrium between the van der Waals forces of attraction and electrostatic repulsive forces in the colloidal suspension, whereas hydrolysis is the formation of the metal hydroxide species (Sincero and Sincero, 2003) , as shown by Equation 7. hydroxide species (Sincero et al., 2003) , as shown by Equation 7.
During hydrolysis, there is a change in the concentrations of the metal ions (7) 
Destabilization can be classified into four categories such as double layer compression, neutralization, particle bridging and entrapment in a precipitate (Sincero and Sincero, 2003) . These types of destabilization depend upon the type of the coagulant(s). AMD is the type of wastewater which is investigated in this study using Ca(OH) 2 , Mg(OH) 2 and synthetic CaMg.2(OH) 2 as coagulants. The latter was synthesized using 50% molar concentration of Ca 2+ and Mg 2+ each compared to 100% molar concentration of Ca 2+ or Mg 2+ ions in their metal hydroxides. The objective to conduct this set of experiment was to compare the destabilization-hydrolysis potential of the hydroxides of Ca and Mg dosed in the AMD sample respectively, and as combined CaMg.2(OH) 2 using mixing or shaking techniques. The rationale is to determine the viability of replacing mixing with shaking to avoid rupturing of the flocs due to shear stress inevitable in rapid mixing as stated by Freeze et al. (2001) , Aysegul and Enis (2002) , Sincero and Sincero (2003) , McCurdy et al. (2004) , Swartz et al. (2004) and Ghaly et al. (2006) . A synthetic metal hydroxide of a combination of Ca and Mg has never been used in AMD treatment, and is intended to replace dolomite which has exhibited that a certain dosage of less than 150 mL of its particle size takes more than 6 h to decrease the concentration of ferric ions to near completion, and also its relatively insolubility at pH values greater than 7 (Maree et al., 2004a) . The replacement of Ca(OH) 2 with Mg(OH) 2 is to avoid the reaction of Ca 2+ and SO 4 2+ to form gypsum (CaSO 4 .2H 2 O). The Mg(OH) 2 behaves as a softener, OH -donor to the colloidal suspension for metal hydroxides formation and adsorption of the metals onto the surface of Mg(OH) 2 particles. It produces a faster settling rate for metal hydroxide flocs as well as a denser sludge (Fu and Wang, 2010 ), compared to Ca(OH) 2 . This occurs because of the lower solubility of Mg(OH) 2 (k s of 1.5×10 -11 ), resulting in a slower release of the OH -ion into the solution, with a higher rate of precipitation (Wang et al., 2004 (Maree et al., 2004) . The concentration of Ca 2+ (Equation 9) in the AMD can be used to determine the removal of the sulphites which were converted to sulphates (Equation 9). In this study, the destabilizing-hydrolysis potential of 0.043 M of the metal ions of Ca(OH) 2 , Mg(OH) 2 and CaMg.2(OH) 2 , in a highly acidic AMD sample using a jar test and a shaker at 250 rpm is investigated. The turbidity removal efficiency is a determinant on the degree of destabilization of the double layer (Figure 1 ) is affected by the afore-mentioned coagulants. The study also aims to determine the effect of both cationic and anionic components of the metal hydroxide in destabilization-hydrolysis.
MATERIALS AND METHODS
In this study, coagulation-flocculation treatment has been applied to AMD solution using 0. using a jar test or a shaker. The pH, conductivity and turbidity of the samples were measured before the jar test. The samples were placed in a flocculator with rapid mixing at 250 rpm for 2 min. The samples were allowed to settle for 1 h and thereafter the pH, conductivity and turbidity were measured. A second similar experiment was conducted in a shaker at 250 rpm for 2 min. The samples were allowed to settle for 1 h and thereafter the pH, conductivity and turbidity were measured.
The novelty in this study is to determine the turbidity removal potential of the Mg(OH)2 or a synthetic CaMg.2(OH)2 polymer as a possible replacement of an environmentally hazardous Ca(OH)2 or CaMg(CO3)2. The second novelty includes the comparison of the efficiency in the turbidity removal when the AMD sample is treated with mixing and shaking.
Acid mine water sample
The samples were collected from the Western Decant near Krugerdorp in twenty-five litres plastic drum. The samples were "airtied" and stored at room temperature. The pH, conductivity and turbidity of the AMD solution were 2.56, 4.43 mS/cm and 100 NTU, respectively. The solid content of the sample was 6.8 g in a 200 mL AMD sample. The sample contained the following major elements: Cu, Zn, Co, Ni, Mn, Ti, Pb, Al, Fe, Li, Sb, Se, Na, Mg, Ca and K, and the concentrations are shown in Table 2 .
Coagulants
The concentration of the metal hydroxide of 0. Table 3 shows monoprotic, diprotic metal salts and metal hydroxide dosed into AMD.
EXPERIMENTS Jar test procedure
The equipment used for the jar tests was a BIBBY Stuart Scientific Flocculator (SW1 model), which has six adjustable paddles with rotating speeds between 0 to 250 rpm. The AMD solution containing 6.8 g colloid in 200 mL of the solution was poured in each of the five 500 mL glass beakers for the test. Different dosages of 0.043 M Ca 2+ or 0.043 M Mg 2+ in Ca(OH)2 and a combination of 0.021 M Ca 2+ and 0.021 M Mg 2+ in Mg(OH)2 in CaMg.2(OH)2 or CaMg(OH)2 were added to the AMD samples. The experiments were conducted employing rapid mixing or shaking (250 rpm for 2 min). The rationale was to determine a correlation between the pH changing trend and turbidity removal when the treatment is conducted in acidic wastewater through neutralization.
The experiments were conducted in the following order: In the first set of experiments, the samples used had varying dosages of Ca(OH)2 and treated in two different methods such as mixing in a jar test and shaken. A second similar set of experiments was carried out by replacing the Ca(OH)2 with Mg(OH)2. A third similar set of experiments was carried out by replacing the Mg(OH)2 with CaMg.2(OH)2. An extra similar set of experiments was conducted by replacing CaMg.2(OH)2 with CaMg(OH)2. After rapid mixing or shaking as afore-mentioned, the samples in all the sets of experiments were allowed to settle for 1 h, after which the pH, conductivity and turbidity were measured.
Performance evaluation
The pH was used as a determinant to assess the rate of hydrolysis and hydrolytic potential of the coagulants at different mixing duration, whereas turbidity was measured to determine the removal of colloidal particles from the samples.
pH measurement
A Metter Toledo Seven Multimeter (made in Germany) pH meter with an electrode filled with silver chloride solution and the outer glass casing with a small membrane covering at the tip was used. The equipment was calibrated with standard solutions with the pH of 4.0 and 7.0 before use.
Turbidity measurement
A Merck Turbiquant 3000T Turbidimeter (made in Japan) was used to determine turbidity or the suspended particles in the supernatant using NTU as a unit of measurement. It was calibrated with 0.10, 10, 100, 1000 and 10000 NTU standard solutions.
Inductively coupled plasma (ICP)
A Perkin Elmer Optima DV 7000 ICP-OES Optical Emission Spectroscopy (made in USA) was used to determine the metals in the supernatant using ppm as a unit of measurement. It was calibrated with the standard solution between 2 to 50 ppm of the salts mentioned in this study. Table 5 . Figure 2 shows the pH changing trend in the AMD sample with the added coagulants (Ca(OH) 2 , Mg(OH) 2 and CaMg.2(OH) 2 as function of mixing and shaking at 250 rpm. The pH of the AMD sample (2.56) treated in this study indicates that it contains high levels of sulphate; as Feng et al. (2004) stated that a pH around 2.0 is of such a nature. The discussion about the pH changing trend is based on the double layer compression of aqueous colloids and ionic strength of the metal hydroxide added to the AMD sample. These two factors play a pivotal role in the destabilization-hydrolysis of the aqueous colloidsmetal ions. In the present study the destabilization effect of the metal hydroxide during the AMD treatment is introduced, a concept which is only associated with metal salts and polymers. It is obvious that the metal ions of the metal hydroxides, namely Ca 2+ and Mg 2+ undergo hydrolysis reaction in a similar manner to the Fe 3+ and Al 3+ ions in their respective metal salts. The difference between the metal ions in the hydroxides and metal ions in the metal salts is that the former are depicted to have less electronegativity compared to the latter (valence electrons). Explicit chemical reactions which occur in the AMD sample with metal hydroxide dosage will be elaborated under the discussion of the residual turbidity.
RESULTS AND DISCUSSION
Although the studies carried out by Geldenhuys et al. (2001) , Naicker et al. (2003) , Maree (2004) , Semerjian and Ayoub (2003) , Watten et al. (2005) , Akcil et al. (2006) , Kurniawan et al. (2006) , Herrera et al. (2007) and Sibrell et al. (2009) stated that the addition of the metal hydroxide to acidic wastewater (AMD) is for the OH -ions to neutralize the solution and to form precipitates of metal hydroxide with the heavy metals. This study however explains the effect of the added metal hydroxides to the wastewater is explained as of destabilizing the colloidal suspension and form hydrolysis species. Figure 1 shows the configuration of the double layer, a region which is concentrated with counter-ionic charges which cause the stability in the colloidal suspension. Literature by Hubbell and Clark (2003) , Binnie et al. (2003) , Amuda et al. (2006) , Ghaly et al. (2006) and Kurniawan et al. (2006) only mentions the parameters of the pH within which coagulation-flocculation is optimal, and nothing about the effect of the destabilization on the pH changing trend.
In this study, a hypothetically confirmation that poor destabilization yields poor turbidity removal will be an indication of ineffective rate of hydrolysis (poor flocs formation to adsorb/absorb turbid materials). The addition of metal hydroxides (coagulants) resulted in the destabilization of the AMD sample, thereby enabling the oxidation of FeS 2 when it reacted with water and dissolved oxygen to form Fe 2+ . The Fe 2+ is further oxidized by residual dissolved and atmospheric oxygen to form Fe 3+ ions as shown by Equations 1 and 2. It clearly indicates that the Fe 3+ ions undergo through hydrolysis process to form the precipitates of Fe(OH) 3 species. These precipitates remove turbid materials in the form of flocs, carbonate or oxide containing materials, up to a pH of minimum solubility (~4.0). Any residual FeS 2 in the treated AMD sample are also adsorbed by the precipitates (Fe(OH) 3 ). Ferric ions are relatively easy to remove from the AMD sample because they start to precipitate at a pH as low as 3.0 (Maree et al., 2003) . Ferrous hydroxides do not settle as well as ferric does, and that can create a highly viscous sludge (Aubé and Arseneault, 2003) . Although the molar solubility product constant of ferrous hydroxide is relatively small (American Water Works Association, 1995), removal is dictated by pH (Labuschagne et al., 2005 , Mn 2+ and Na + which dissolve in the solution and add to conductivity; which in some cases it is low; showing to be reacting in the system. This depicts that the Ca 2+ and Mg 2+ ions added to AMD sample do not only neutralize the solution but also play a role during destabilization; whereas the OH -ions increases the pH of the system as well as form precipitates with metal ions. The precipitates are either adsorbed onto the polymers or settle to form sludge. The inference is based on the reduced concentration of metals as shown by the concentration of the metals in untreated and the treated AMD samples ( Table 2) .
The pH increasing trend (Figure 2) (Spellman, 2009 ). On the other hand, the OH -from the metal hydroxides can still be utilized to remove some heavy metals in wastewater (AMD) to form insoluble M(OH) 2(s) . The utilization of the OH -in this phenomenon is determined by the numerical value and the concentration of the metals in the solution. It is therefore very clear that in the current application (Figure 2) By applying Equations 18 and 19, the calculations were found to be identical (both z = 2) for both Ca 2+ and Mg 2+ , which confirms the pH values obtained in Figure 2 . This indicates that the rate of destabilization depends upon the ionic strength of the metal ions in a metal salt. This also supports the hypothesis (of this study) that destabilization and hydrolysis co-exist; which also indicates that destabilization occurs on the aqueous colloids, whereas hydrolysis occurs on the metal ion (M n+ ) of the coagulant(s). Although ionic strength of a metal ion in a metal salt can be identical to that of a metal ion in a metal hydroxide, their performance in wastewater is influenced by the pH status of the system (acidic or basic). This inference is based on the difference which may be caused by Z j 2 values between trivalent and divalent in Equation 18 .
The conductivity changing trend shows an inconsistent changing (decreasing) behaviour (Figure 3) as the dosage increases, except for Ca(OH) 2 , a condition which will be explained later. The reduction in the conductivity in the AMD sample with Ca(OH) 2 to AMD must be stoichiometric in order to avoid water hardness due to over-dosage. It is concluded that the conductivity of the Mg(OH) 2 dosage does not have a direct relationship with the pH, but the Ca(OH) 2 does because of the consumption of SO 4 2-ions. This is confirmed by the uniform decreasing trend of the conductivity with increasing dosage (Figure 3) .
Turbidity below 15 NTU is regarded as acceptable based on the low value obtained from the AMD sample (100 NTU). Turbidity removal in all the samples with 30 to 60 mL dosage is in the range of 88.7 to 97.5 NTU, a removal efficiency of 88.7 to 97.5% (Figure 4) . A 20 mL dosage of the three reagents in the AMD samples yielded a slightly poorer turbidity removal in the range of 72.6 to 78.9, removal efficiency of 72.6 to 78.9% (Figure 4) . Since it has been mentioned above that the reaction between the metal hydroxide (reagents) and the Fe 2+ in FeS 2 is stoichiometric, it thus indicates that the turbidity removal values obtained with 20 mL dosage reflect under-dosage. The effect of under-dosage causes partial destabilization of the counter-ionic charge of the colloidal suspension, a condition in which a reduction of electrostatic forces of repulsion is implicit, causing incomplete destabilization of van der Waals forceselectrostatic repulsive forces (Swartz et al., 2004) . Such a condition tends to minimize the oxidation efficiency of Fe 2+ in FeS 2 which results in a low concentration of the flocs formation (Fe (OH) 3(s) ).
According to existing literature by Azapagic (2004) , Peppas et al. (2000) , Kuyucak (2001 and , Semerjian and Ayoub (2003) , Maree (2004) , Sibrell et al. (2005) , Watten et al. (2005) and Herrera et al. (2007) , the Ca(OH) 2 and Mg(OH) 2 neutralize FeS 2 , where the former reacts with the SO 4 2-ions to form insoluble CaSO 4 .2H 2 O. After these metal hydroxide are added to AMD sample, destabilization occurs and the Fe 2+ ions (FeS 2 ) undergo a hydrolysis process to form the precipitates (flocs) of ferric hydroxide (Fe(OH) 3(s) ), including the likelihood of reduction-oxidation. The unreacted Fe 2+ ions also undergo a hydrolysis process to form unstable Fe(OH) 2 species. Both ferrous and ferric hydroxide species act as adsorption substrate and removal of the residual turbid materials due to their porous property. Their sponge-like structure causes further adsorption when settling due to the higher settling velocity (Ntwampe et al., 2013) .
The metal hydroxides perform the same function as metal salts except for the fact that OH -forms an anionic component in the former reagent, whereas Cl -and SO 4 2-form in the latter. In order for an optimal turbidity removal to occur (Figure 4 ), the coagulants must possess a high chemical potential so as to disturb electroneutrality in the system (double layer compression), which results in destabilization of the solution. The colloidal particles then collide with their neighbouring particles into settleable flocs. The electrostatic interactions in the EDL control many properties of mineral surfaces as well, as the interactions between them: that is, phase equilibrium, coagulation, aggregation, sedimentation, filtration, catalysis reaction and ionic transport in porous media, hence a choice of a coagulant with a high chemical potential is essential. According to the physico-chemical properties of the reagents in Table 1 ( Wulfsberg, 1987) , the pk b , electronegativity, Z 2 /r and atomic radii are compatible to both Ca and Mg.
The turbidity removal between the samples with mixing and their corresponding samples with shaking is identical. A combination of Ca and Mg to form a metal hydroxide compound CaMg.2(OH) 2 exhibit a relatively competitive performance when compared with Ca(OH) 2 and Mg(OH) 2 . The advantage of using CaMg.2(OH) 2 in AMD is that both metal ions (Ca (2003) and Hubbell and Clark (2003) . The turbidity removal (Figure 4) corroborates the Schulze-Hardy rule which states that the valence ions with opposite charge to that of the sol determine the effectiveness of coagulation (Water Specialist Technology, 2003) . In view of the fact that one of the objectives in this study was to compare the turbidity removal between mixing and shaking, the results were satisfactory. However, the implications of collision frequencies (Equations 4 to 6) have been elucidated, but collision efficiencies of hydrodynamic forces seem corroborate shaking dynamics. In shaking method, rectilinear flow which is known for enhancement of rapid collision flow, is predominant compared to curvilinear flow. The former induces forward and backward collision of the colloidal particles per surface area whereas collision in a curvilinear flow (obtain in rapid mixing) is more likely to be deterred by the circular motion of the colloidal particles as there is less collision frequency (Atkins et al., 2006) . Considering that the flocs compactness determines the rate of aggregation during wastewater treatment, this study recommends that shaking is an ideal technique to employ for chemical dispersion. This is because of the view that the flocs which are more compact are more likely to erode (loose size) during rapid mixing whereas those less compact are fractured. These phenomena are common during nucleation where aggregation is induced by the adsorption of new flocs onto existing flocs.
A set of similar experiments was conducted by replacing CaMg.2(OH) 2 with CaMg(OH) 2 to determine the effect of the unpaired OH -ions in the latter. The residual turbidity removal in the AMD sample with 20 mL CaMg(OH) 2 is similarly equal to the residual turbidity removal in the AMD sample with 20 mL CaMg.2(OH) 2 . The residual turbidity removal in the AMD sample with 30 to 60 mL CaMg(OH) 2 dosage is slightly higher than in their corresponding samples with CaMg.2(OH) 2 as shown in Figure 4 . The former yielded a residual turbidity in a range of 2.71 to 12.7 NTU whereas the latter yielded the residual turbidity removal in a range of 2.50 to 11.64 NTU. Equations 20 and 21 show the effect of the two reagents on the pH of the solution during dissociation process. 
Where n  3, the solubility behaviour of M(OH) 3 is expressed as K so which describes the relationship between the concentrations of M 3+ and H + in equilibrium with hydrous ferric oxides expressed as:
Since the experimental results have shown that there is a correlation between the pH and turbidity, the AMD samples with 20 mL of Ca(OH) 2 , Mg(OH) 2 dosage show lower pH values and slightly higher residual turbidity compared to the CaMg.2(OH) 2 dosage (lower pH and slightly higher residual turbidity). Dosages above 20 mL show a uniform increasing trend of pH and a consistent residual turbidity value. It indicates that equilibrium during (Fe 3+ ). This simply implies that destabilization is at optimal point but slightly lower than in metal ions with high valence electrons; which then relies on hydrolysis as a complementary process. This occurs when the OH -ions in metal hydroxides enhance hydrolysis reaction and increase the rate of flocs formation, thus increasing the adsorption process. The effective turbidity removal shown by CaMg.2(OH) 2 confirms that it can be used as a replacement of the CaMg(CO 3 ) 2 which has a limited pH increasing ability due to the buffering effect of CO 2 .
In this study, the effect that hydrodynamic forces of the drag have upon the aggregates and the paths the aggregates follow as they approach one another is further investigated, which also plays a role on the effectiveness of the destabilization of the colloidal suspension.
Figures 6 and 7 show the oligomeric species formed during hydrolysis in the AMD sample with Ca 2+ or Mg 2+ hydroxides and CaMg.2(OH) 2 dosage with mixing and shaking respectively. Figures 6 and 7 showed similarly identical concentrations of trimeric (low) and monomeric species (higher) in both mixing and shaking, but the trimeric species with mixing are slightly higher compared to shaking. Figures 8, 9 and 10 illustrate the correlation between the pH and the dosage, and that has been confirmed by the models, with the square of the correlations (R 2 ) above 95% in the AMD sample with Ca(OH) 2 , Mg(OH) 2 and CaMg.2(OH) 2 dosage with shaking. The objective of plotting this technique was to check its efficiency for replacing a jar test method. Figure 11 shows the SEM images of the AMD sludge samples with Ca(OH) 2 , Mg(OH) 2 with shaking and CaMg.2(OH) 2 and CaMg(OH) 2 dosage with mixing and shaking respectively using 25000 magnification. The SEM images (Figures 11 and 12) show that turbidity removal is through adsorptive coagulation. This occurs when the destabilization is caused by adsorption of polymers or long hydroxide chains to the particle surface (Shen et al., 2007) . Figure 11 (A) showed larger-dense and a few small flocs joined together and settled on a solid sponge-like surface whereas Figure 11 (B) showed small scattered flocs settling on a sludge-like solid surface. The SEM micrographs in Figure 12 (A) showed small scattered flocs attached onto solid larger dense surfaces whereas Figure 12 (B) showed larger and small flocs scattered throughout the slide with some voids in between. Figure 13 shows the images of the AMD sludge with Ca(OH) 2 and Mg(OH) 2 dosage with shaking respectively whereas Figure 14 shows the images of the AMD sludge with CaMg.2(OH) 2 and CaMg(OH) 2 mixing and shaking respectively. The results in Figures 13 and 14 show that the metal counts in the AMD sample with Ca(OH) 2 and Mg(OH) 2 shaking as well as CaMg.2(OH) 2 and CaMg(OH) 2 mixing and shaking respectively are similarly equal, showing Cu metal at 2000 counts and some unspecified metals around 1000 counts. The similarity in the values shown by the XRD patterns indicates that the experiments on the AMD sample with Ca(OH) 2 or Mg(OH) 2 with mixing and shaking yield similar turbidity reduction potentials; a condition which also occurs in the AMD sample with CaMg.2(OH) 2 and CaMg(OH) 2 .
The Pearson correlation coefficient (r) is used to calculate the relation between pH and residual turbidity. A correlation coefficient of 0.70 or higher is considered to 
Conclusion
The turbidity removal efficiency exhibited by Ca(OH) 2 or Mg(OH) 2 , and CaMg.2(OH) 2 is identical with all values >90%. Effective wastewater treatment is not necessarily dependent upon the pH but the ability of the coagulant to destabilize the double layer (high electronegativity) of the aqua-colloids coupled with optimal hydrolysis, precursor to adsorption. The Ca 2+ and Mg 2+ ions added to the AMD sample do not only neutralize the solution but also cause destabilization, whereas the anionic species (OH -) increase the rate of speciation by reacting with metal ions and also increase the pH of the system. Increasing pH trend (Figure 2) 
